9±6 mm Hg (p<0.001). In normal control subjects, exercise induced a 2.5 times larger abbreviation of T (from 42±7 to 34±6 msec;p<0.001) and a small drop in LVMDP from 5±2 to 4±3 mm Hg (p<0.05). In the transplant recipients, the change in T (AT) from rest to exercise was variable ranging from an abbreviation, as observed in normal controls, to a prolongation and was significantly correlated with the change in RR interval (ARR) and the change in left ventricular end-diastolic pressure (ALVEDP) (AT=0.068ARR+0.58ALVEDP-2.2; r=0.76; p<0.001). In a first subset of transplant recipients (n=8), dobutamine infusion resulted in a heart rate equal to the heart rate at peak exercise, a left ventricular end-diastolic pressure (8±7 mm Hg) lower than at peak exercise (22±6 mm Hg; p<0.05) and a T value (32±9 msec), which was shorter than both resting value (44±5 msec;p<0.005) and value observed at peak exercise (40±8 msec; p<0.01). In a second subset of transplant recipients (n=9), nitroprusside infusion and postextrasystolic potentiation resulted in a significant prolongation of T from 41±7 to 56±+10 msec (p<0.05) and a characteristic negative dP/dt upstroke pattern with downward convexity as previously observed in left ventricular hypertrophy.
Conclusions. Exercise after cardiac transplantation resulted in a smaller acceleration of left ventricular relaxation than in a normal control group exercised to the same heart rate. These transplant recipients, who made the largest use of left ventricular preload reserve during exercise, showed least acceleration of left ventricular relaxation. This association between a rise of left ventricular end-diastolic pressure and slower left ventricular isovolumic relaxation was also evident in the individual transplant recipient from the slower isovolumic relaxation during exercise than during dobutamine infusion despite equal heart rates. After postextrasystolic potentiation during nitroprusside infusion, a slow left ventricular relaxation with downward convexity of the dP/dt signal was observed in the cardiac allograft. This finding suggests depressed function of the sarcoplasmic reticulum in left ventricular myocardium after transplantation, which could be related either to decreased adrenergic tone or to foregoing ischemic injury during organ retrieval or to hypertrophy caused by cyclosporine induced arterial hypertension. (Circulation E xercise elevates left ventricular filling pressures in the cardiac allograft after orthotopic heart transplantation. [1] [2] [3] [4] [5] [6] This rise in left ventricular filling pressures, which decreases exercise tolerance after heart transplantation,7 has been related to an inadequate heart rate response6 and therefore an excessive dependence on preload reserve to raise cardiac output. The use of preload reserve induces a prompt rise in left ventricular filling pressures because of a diastolic left ventricular pressure-volume relation, which is steeper than normal and shifted to the left. This altered diastolic left ventricular pressure-volume relation of the allograft has been variably ascribed to a mismatch of donor-recipient heart size, to cyclosporineinduced arterial hypertension, to intervening episodes of allograft rejection, or to ischemic injury incurred during organ retrieval or caused by graft vascular disease. The exercise-induced rise in left ventricular filling pressures after cardiac transplantation is therefore considered to be the result of unfavorable passive late-diastolic left ventricular properties of the allograft6 and of a mismatch between venous return and heart rate.
In contrast to passive late-diastolic left ventricular properties, the effect of left ventricular relaxation on the exercise-induced rise of left ventricular filling pressures after heart transplantation has not yet been investigated. After '10 In the present study, the response of left ventricular relaxation to exercise was investigated by obtaining tip-micromanometer left ventricular pressure recordings during supine bicycle exercise stress testing in transplant recipients and in a normal control group of patients, which was exercised to the same heart rate as the transplant recipients. To elucidate whether the abnormal response to exercise of left ventricular relaxation of the cardiac allograft could be attributed to a decreased responsiveness of left ventricular relaxation to 3,1-adrenoreceptor stimulation, dobutamine was infused after the exercise stress test in a subset of transplant recipients to achieve a heart rate, which matched the heart rate at peak exercise. In another subset of transplant recipients, the effects on left ventricular relaxation of increased myocardial activator calcium and of left ventricular afterload were investigated by postextrasystolic potentiation and by administration of nitroprusside.
Methods

Patients
Control patients. The control study group comprised nine patients (four women, five men; ages, 36-66 years; mean age, 53 years) referred for evaluation of chest pain. There was no clinical or echocardiographic evidence of congenital, valvular, or cardiomyopathic heart disease. Left ventricular and coronary angiography revealed normal left ventricular volumes, normal ejection fraction, and absence of coronary artery disease. At the time of study, no patient was taking positive or negative inotropic drugs.
Transplant recipients. Twenty-seven patients (18 men, nine women; mean age, 50 years; age range, 24-66 years) were studied after orthotopic heart transplantation. Seventeen patients were studied 1 year after transplantation, seven patients 2 years after transplantation, two patients 3 years after transplantation, and one patient 4 years after transplantation. Patients were treated with cyclosporine, prednisone, and azathioprine immunosuppression. At the time of study, no patient had biopsy evidence of rejection requiring therapy. Eleven patients had experienced previous episodes (< two episodes) of moderate to severe allograft rejection, as assessed by serial endomyocardial biopsies and clinical course. Eighteen patients received treatment for arterial hypertension, which consisted of calcium channel blockers in 13 patients, of ACE inhibitors in two patients, and of prazosine in three patients. Routine annual postoperative left ventricular and coronary angiography revealed normal left ventricular function in all patients (ejection fraction, 72±10%; left ventricular end-diastolic volume index, 56±17 ml/m') and angiographically normal coronary arteries in the absence of accelerated graft atherosclerosis. Left ventricular enddiastolic volume index and ejection fraction were calculated from single-plane left ventricular cineangiograms performed in 300 right anterior oblique projection using the area-length method and a regression equation." At the time of study, no patient received digitalis, ,3-blockers, or calcium channel blockers. The study protocol was approved by the local ethical committee. All patients gave informed consent, and there was no complication related to the procedure or study protocol.
Hemodynamic Studies
Catheterization protocol. Transplant recipients (n=27) underwent left-right heart catheterization, left ventricular angiography, and coronary angiography as part of their routine annual postoperative clinical evaluation using right femoral artery and vein. Control patients (n=9) underwent left heart catheterization, left ventricular angiography, and coronary angiography. All pressures were referenced to atmospheric pressure at the level of the midchest. Left ventricular pressure was measured with a high-fidelity tip-micromanometer catheter calibrated externally against a mercury reference and matched against luminal pressure. Pressure Bicycle exercise stress testing. Left ventricular pressure and left ventricular dP/dt were recorded before and after the patient's feet were attached to the pedals of the bicycle and subsequently at one-minute intervals during supine bicycle exercise, which was performed at a constant submaximal workload for 6 minutes (Tables  1-3 ).12 In transplant recipients, cardiac output measurements (n = 27) and right atrial pressure recordings (n =5) were obtained before exercise and during the last minute of exercise. The exercise factor was calculated as the ratio of the exercise-induced increment of cardiac output to the increment of oxygen consumption (normal value, 6.0).12 In six transplant recipients, a second left ventricular angiogram was obtained in the last minute of exercise.
Effects of f3-adrenoreceptor stimulation. To investigate responsiveness of the cardiac allograft to f,3-adrenoreceptor stimulation in a subset of transplant recipients (n= 8), the effect of dobutamine on left ventricular pressure decay was investigated after the exercise stress test after return of hemodynamics to baseline conditions (Table 4 ). Dobutamine infusion rate was adjusted to achieve a heart rate response equal to the maximal heart rate observed during exercise. Dobutamine was administered intravenously at an infusion rate of 2.5 gug/kg per minute in six patients, of 3.75 jig/kg per minute in one patient, and of 5 jig/kg per minute in one patient.
Effects of postextrasystolic potentiation and arterial vasodilation. The effects on left ventricular relaxation of increased myocardial activator calcium and reduced left ventricular afterload were investigated by postextrasystolic potentiation and by administration of nitroprusside in a second subset of transplant recipients (n =10), who underwent bicycle exercise stress testing but no dobutamine infusion. The effects of postextrasystolic potentiation on left ventricular pressure decay were investigated by premature ventricular beats, which were induced at minimum coupling interval by a right ventricular pacing catheter (Table 5 , postextrasystolic potentiation). Subsequently, in nine of the 10 patients, in (Table 5 , nitroprusside infusion), and premature ventricular beats at an identical coupling interval were again induced (Table 5 , nitroprusside+postextrasystolic potentiation). The postextrasystolic data (Table 5) were the average of three postextrasystolic beats at an identical minimum coupling interval in each patient.
Data Analysis
The time constant of left ventricular pressure decay (T) was derived from the digitized pressure data points of isovolumic left ventricular relaxation using an exponential curve fit with zero asymptote pressure. Pressure data points were obtained at Phase plane plots of the left ventricular pressure signal during isovolumic relaxation were constructed by matching corresponding left ventricular pressure and left ventricular dP/dt data points (Figures 4 and 6 ).14 All data were reported as mean±+SD. Statistical significance was set at p<0.05 and was obtained by Bonferroni method for a multiple comparison analysis and by Student's t test for paired data.
Results
Exercise Hemodynamics of Cardiac Allograft
The effects of supine bicycle exercise stress testing on systolic and diastolic left ventricular function of the Tables 1 and 2 and compared with left ventricular function of a normal control group of patients exercised to the same heart rate in (p<0.001), when exercised to a heart rate, which matched the heart rate at peak exercise in the transplant recipient group. In the transplant recipients, the time constant of left ventricular pressure decay shortened slightly at peak exercise from 43+6 to 40+8 msec (p<0.01), but the response of left ventricular relaxation was highly variable (Table 2) , ranging from an abbreviation (Figure 2) as observed in the normal control group to an unchanged value (Figure 3) or even a prolongation. Despite matching heart rates at peak exercise, the abbreviation of the time constant of left ventricular pressure decay was 2.5 times larger in the normal control group than in the transplant recipient group (Table 3) . On multiple regression analysis for the pooled transplant recipient data (n=27), the change in the time constant of left ventricular relaxation from rest to exercise (AT) was significantly correlated with the change in RR interval (ARR) and with the change in LVEDP (ALVEDP) (AT=0.068 ARR+0.58 ALVEDP-2.2; r=0.76;p <0.001). The partial regressions for each independent variable were statistically significant (for ARR, p<0.001; for ALVEDP, p<0.001) and both ARR and ALVEDP were mutually independent as evident from the abPressure (mmHg) 
Discussion
An increase in left ventricular filling pressures with exercise has been repeatedly observed in cardiac transplant recipients and contributes to the lower than normal exercise tolerance after orthotopic heart transplantation.7 This increase in left ventricular filling pressures has mainly been attributed to the use of preload reserve during exercise because of the blunted heart rate response and a steeper than normal diastolic left ventricular pressure-volume relation.5'6 Elevated left ventricular filling pressures during exercise could result not only from abnormal passive diastolic left ventricular properties but also from altered left ventricular relaxation kinetics. Left ventricular relaxation kinetics of the cardiac allograft have so far only been investigated at rest '6 and not during exercise.
Effect of Exercise on Left Ventricular Relaxation
In the normal control group, submaximal supine bicycle exercise induced an acceleration of left ventricular isovolumic relaxation, which significantly exceeded the acceleration of left ventricular relaxation in the transplant recipients despite matching heart rates at peak exercise. Similar improvements in left ventricular relaxation rate during exercise were reported in normal subjects by other investigators. '7,8 Figure 5 at rest (A), after postextrasystolic potentiation (B), during infusion of nitroprusside (C), and after postextrasystolic potentiation during infusion of nitroprusside (D). For a given LVP value, corresponding LVdP/dt value was less negative for curve D and, therefore, the rate of change was lower for curve D. observed in the present and previous studies. 17 In patients with coronary disease and exercise-induced ischemia,9 the exercise related acceleration of left ventricular relaxation was smaller than in normal subjects and was accompanied by a significant rise of left ventricular minimum diastolic pressure, as observed in the present study in the transplant recipient group. A depressed acceleration of left ventricular relaxation during exercise was observed also in patients with hypertrophic cardiomyopathy'8 and could have contributed to the exercise-induced elevation of left ventricular filling pressures observed in these patients. 19 Deficient Acceleration of Left Ventricular Relaxation During Exercise After Heart Transplantation In the present study, the acceleration of left ventricular relaxation during exercise was investigated in transplant recipients. For the entire study group, exercise induced a small (<10%) acceleration of left ventricular relaxation. Individual patient response was variable, which ranged from an almost normal response to paradoxical slowing of isovolumic relaxation. On multiple regression analysis, the acceleration of left ventricular relaxation during exercise was correlated with the increase in heart rate and the increase in left ventricular filling pressure. As evident from the correlation of AT with ALVEDP, the use of left ventricular preload reserve was associated with slower left ventricular isovolumic relaxation. As evident from the correlation of ,AT with ARR, the increase in heart rate was associated with accelerated left ventricular isovolumic relaxation. This acceleration could be the result of a direct heart rate dependent effect (Bowditch phenomenon) or adrenergic stimulation. In conscious dogs,20 pacing tachycardia from 100 to 200 beats per minute resulted in no change of the time constant of left ventricular pressure decay. When heart rate was held constant at 200 beats per minute, exercise produced a fall in the time constant of left ventricular pressure decay to a value, which equaled the value observed during unpaced exercise at the same heart rate. From these observations, it appears that the acceleration of left ventricular relaxation is mediated through adrenergic stimulation and not through a direct heart rate dependent effect.
The effects of use of left ventricular preload reserve on isovolumic left ventricular relaxation rate are complex. Animal studies21,22 showed slowing of left ventricular relaxation at higher left ventricular end-diastolic volumes, but if left ventricular systolic pressure was kept constant after diastolic left ventricular volume infusion, the time constant of isovolumic left ventricular relaxation remained unaltered.23 Similar conclusions were reached when left ventricular preload was reduced, as reported in normal control subjects early after inferior vena cava occlusion.24 In contrast to these studies, the relation between use of left ventricular preload reserve and isovolumic left ventricular relaxation was observed in the present study during exercise. Increased responsiveness of contractile proteins to calcium because of increased muscle preload25 could possibly counteract decreased responsiveness of contractile proteins by f,1-receptor stimulation and explain the relation between use of left ventricular preload reserve and slower isovolumic left ventricular relaxation observed in the present study during exercise after transplantation.
In the present study, left ventricular isovolumic relaxation rate during exercise was significantly slower than during dobutamine infusion at rest despite similar ,B-adrenoreceptor stimulation, as evident from the equal heart rate responses during both interventions. Because of significantly higher left ventricular end-diastolic pressure during exercise than during dobutamine infusion, slower left ventricular isovolumic relaxation rate during exercise confirmed in the individual transplant recipient the association between use of left ventricular preload reserve and impairment of left ventricular isovolumic relaxation during exercise. This association was already evident from the multiple regression analysis on the pooled transplant group data, which revealed during exercise a similar inverse correlation between the acceleration of left ventricular relaxation and the rise of left ventricular end-diastolic pressure. Slower isovolumic left ventricular relaxation during exercise than during dobutamine infusion despite equal heart rate response could result from different actions of humorally administered and neurally released 18- After postextrasystolic potentiation, there was no change in the time constant of left ventricular pressure decay at rest, as previously reported in normal subjects. 40 During nitroprusside infusion, however, postextrasystolic potentiation resulted in a marked prolongation of the time constant of left ventricular pressure decay to 56 msec. This prolongation was accompanied by a negative dP/dt upstroke pattern with a downward convexity ( Figure 5 ). This negative dP/dt upstroke pattern has previously been reported in acute coronary occlusion41 and in the hypertrophied left ventricle of aortic stenosis after drastic left ventricular unloading by combined aortic valvuloplasty-nitroprusside infusion.14 The induction of this slow left ventricular relaxation pattern in the cardiac allograft by unloading and postextrasystolic potentiation could suggest delayed myoplasmic calcium removal in left ventricular myocardium after transplantation similar to the delayed myoplasmic calcium removal previously observed in hypertrophied myocardium. This could be the result of a depressed function of the sarcoplasmic reticulum either because of decreased adrenergic tone caused by denervation or limited reinnervation or because of ischemic injury at the time of organ retrieval or because of hypertrophy related to cyclosporine-induced arterial hypertension.
Conclusion
Exercise after orthotopic heart transplantation resulted in an acceleration of left ventricular relaxation, which was 2.5 times smaller than in a normal control group exercised to the same heart rate. The individual response of left ventricular relaxation to exercise was variable, which ranged from normal acceleration of isovolumic relaxation to paradoxical slowing of isovolumic relaxation. Those patients, who had the largest elevation of left ventricular end-diastolic pressure during exercise, showed least acceleration of isovolumic relaxation rate. This association between a rise of left ventricular end-diastolic pressure and slower left ventricular isovolumic relaxation was also evident in the individual transplant recipient from the slower isovolumic left ventricular relaxation during exercise than during dobutamine infusion at equal heart rates. After postextrasystolic potentiation during nitroprusside infusion, a slow relaxation with downward convexity of the dP/dt signal was observed in the cardiac allograft. This finding suggests depressed function of the sarcoplasmic reticulum in left ventricular myocardium after transplantation, which could be related either to decreased adrenergic tone or to foregoing ischemic injury during organ removal or to hypertrophy caused by cyclosporine induced arterial hypertension.
